The aim of this study was (a) to show that different measures of spatial cognition are modulated by the menstrual cycle and (b) to analyze which steroid is responsible for these cognitive alterations. The authors collected blood samples in 3-day intervals over six weeks from 12 young women with a regular menstrual cycle to analyze concentrations of estradiol, progesterone, testosterone, luteinizing hormone, and folliclestimulating hormone. The performance on 3 spatial tests was measured during the menstrual and the midluteal phase. A significant cycle difference in spatial ability as tested by the Mental Rotation Test was found, with high scores during the menstrual phase and low scores during the midluteal phase. Testosterone had a strong and positive influence on mental rotation performance, whereas estradiol had a negative one. These results clearly indicate that testosterone and estradiol are able to modulate spatial cognition during the menstrual cycle.
Megens, Gooren, & Cohen-Kettenis, 1999; Van Goozen, Cohen-Kettenis, Gooren, Frijda, & Van de Poll, 1994) . Both organizational and activational studies generally show decreases in spatial abilities with increased estrogen levels, consistent with observed sex differences. Corresponding increases in spatial performance with increased testosterone levels tend to occur for females but not for males (Silverman & Phillips, 1993) . Males frequently show an inverse effect (Gouchie & Kimura, 1991) . However, Ho, Gilger, and Brink (1986) suggested that spatial informationprocessing should be more sensitive to hormonal changes than traditional psychometric measures.
The levels of the female sex hormones, especially of estradiol and progesterone, vary dramatically with the menstrual cycle. If these steroids affect spatial ability, the performance in spatial tests should change with hormonally distinct cycle phases in spontaneously cycling women. This would support the notion of the activating effects of sex hormones. Indeed, several studies found menstrual cycle effects in spatial tests with low performance scores during the follicular or midluteal phase (elevated estrogen or elevated estrogen and progesterone levels) and higher performances during menses (low gonadal hormone levels) (Hampson, 1990a (Hampson, , 1990b Hampson & Kimura, 1988; Phillips & Silverman, 1997) . However, these relations could not always be confirmed. Epting and Overman (1998) found no evidence that performances on four spatial tasks differed with menstrual cycle, although results in three out of four spatial tasks revealed a significant gender difference (see also Gordon & Lee, 1993) . Currently, it is not entirely known why some studies reveal cycle-phase-related differences in the spatial abilities and others do not.
Hormone measurements are vitally important when doing menstrual cycle studies. For example, Gordon, Corbin, and Lee (1986) had to eliminate nearly half of their female participants (11 of 24) from further analyses because post hoc hormone assays revealed that they were not tested in the expected cycle phase. Although direct hormone assays should be a prerequisite to define the menstrual cycle phase and to analyze the relationship between cognitive performance and several critical sex hormones that are known to fluctuate during the menstrual cycle, only 11 of 62 studies of cognition and the menstrual cycle performed hormone measurement as part of their analysis (Epting & Overman, 1998) . Only two of these studies (Gordon & Lee, 1993; Hampson, 1990a) investigated the relationship between sex hormones and the performance of different visuo-spatial tasks in spontaneously cycling women during the menstrual cycle. Hampson (1990a) found an inverted Ushaped relationship between estradiol and the performance of the Space Relations Test. 3-D or 2-D mental rotation tests and hormone measures of the gonadotropins (luteinizing [LH] and follicle-stimulating hormone [FSH] ) and testosterone were not included in that study. In contrast, Gordon and Lee (1993) found no relationship between estradiol and sex-biased visuo-spatial abilities, including tasks of mental rotation of 3-D figures. This lack of support for a hormone-behavior correlation in female participants replicates previous findings by . However, Gordon and Lee (1993) found relationships between the gonadotropins and cognitive function. FSH had been negatively and LH positively correlated to a visuospatial composite score, including mental rotation of 3-D figures.
In the course of an analysis of steroid-modulated cognitive and cerebral processes over the whole menstrual cycle, we collected blood samples to analyze several sex hormones that are known to fluctuate during the menstrual cycle and that are discussed for their cognitive effects. Hormones were measured over 6 weeks in 3-day intervals. We measured the performance on three spatial tests during two sessions (2nd and 22nd cycle day) to hit the menstrual and midluteal phases, respectively. The frequent hormone measurements over 6 weeks allowed a nearly perfect validation of individual cycle phases and an analysis of the potential neuroactive hormone(s).
Beyond the nearly perfect validation of individual cycle phases, this study regarded the influence of the most potentially relevant sex hormones (estradiol, progesterone, LH, FSH, and testosterone) on different sex-biased visuospatial tasks, especially of the MRT (Peters, 1995) , during the menstrual cycle for the first time.
Method
Participants 12 woman (students of different departments) participated in this experiment. The mean age of the group was 29.1 years (SD = 4.4, range = 23-38 years). Participants were recruited by announcements and were paid for their participation. None of the women used oral contraceptives or any other neuroactive substances. They also reported having a regular menstrual cycle between 27 and 29 days. Post hoc analysis of three successive cycles revealed a median cycle length of 29 days.
Procedure and Materials
All participants started with blood samples at the same day. We collected further blood samples in 3-day intervals over 6 weeks. Thus, altogether, we collected 15 blood samples for each woman (180 blood samples for the whole group) to pattern the whole menstrual cycle. Participants were tested counterbalanced during the 2nd and 22nd cycle day so that we could hit the menstrual and the midluteal phases, respectively. Half of the group started with the first cognitive test at the 22nd cycle day, whereas the other half started during menses. Each person participated at the same time of the day over the course of the complete study. Blood samples were taken immediately after each test session. Plasma samples were stored at -22 °C until all participants had completed the tests. Estradiol, progesterone, testosterone, LH, and FSH concentrations of each plasma sample were analyzed, by an independent professional hormone analysis laboratory, with commercially available radioimmunoassay kits (DPC Biermann GmbH, Bad Nauheim, Germany).
The following three spatial tasks were selected.
Mental Rotation Test
We used the Revised Vandenberg & Kuse Mental Rotation Test with two versions (MRT-A and MRT-B) of similar difficulty (Peters, 1995) . Each version contains two parts with 12 items. For each part the participant has 3 min. Each item consists of a target figure and four stimulus figures on the right. Two of these stimulus figures are rotated versions of the target figure, and two of the stimulus figures cannot be matched to the target figure. One point is given if both of the stimulus figures that match the target figure are identified correctly. More information specific to the revised Vandenberg and Kuse test can be found in Peters, Chrisholm, and Laeng (1995) , and .
Mirror Pictures Test
This subtest of the WILDE-Intelligenz-Test (Jäger & Althoff, 1994 ) is a 2-D mental rotation test and includes two parallel versions. Each test contains 24 items with five line drawings each.
One of five shows a figure that is different and cannot be rotated to be identical with the other four line drawings. The participants have 3 min to choose as many as possible of the odd ones.
Hidden Figures Test
This test of visual interference (Lezak, 1995) measures flexibility in dealing with conflicting gestalts (Corkin, 1979) and is considered to be a measure of spatial ability (Watson & Kimura, 1991) . The version of Hidden Figures that we used is a subtest of the Differentieller Fähigkeitstest (Differential Ability Test; Horn, 1984) . Each item consists of four complex geometrical figures. One of them contains a special sample shape that is obscured by other lines. The participant has 3 min to complete 10 items. Gender differences in the Hidden Figures test were found in favor of men in several studies (Davis & Eliot, 1994; Witkin et al., 1962) .
To control for potential systematic variations in mood that may influence performance for cognitive tasks, we applied a German mood scale (Zerssen, 1976) .
We used two parallel versions for all paper-and-pencil tests because each woman was tested twice, once during menses and once during the midluteal phase. Although no differences between these parallel versions were found on the pre-tests, they were balanced over the two test sessions. Additionally, the different tasks on their part were balanced.
Results
To compare the task performances during menses and the midluteal phase, 4 women (33%) were excluded because post hoc hormone assays revealed that these participants were not in the expected cycle phase. Examples for an included and an excluded case are given in Figure 1 . We used the more conservative non-parametric Wilcoxon signed ranks test for two related samples, because of the small sample size. The analysis of mood differences between menstrual and luteal phases yielded no significant result (Wilcoxon, T = 12.5, n = 8, p > .05).
The paired comparison of the 3-D MRT yielded a significant performance difference between menstrual and midluteal cycle phases (Wilcoxon, T = 1.5, n = 8, p = .021). On this task, the mean performance of all women decreased during the midluteal phase as compared with that during the menstrual phase. Only one woman showed a reversed pattern. It should be noted that this result appeared only when all female participants were in the expected cycle phase. In contrast, neither the 2-D mental rotation task (Mirror Pictures; Wilcoxon, T = 7.5, n = 8, p > .05) nor the Arrows indicate test sessions at the 2nd and 22nd cycle days. Estradiol, progesterone and luteinizing hormone (LH) concentration curves are shown. For Participant Vp11, testing was successfully done at midluteal phase (high estradiol and progesterone levels) and menses (lowest gonadal hormone levels), but midluteal phase was missed in Participant Vp04. LH-peaks indicate time of ovulation for each woman.
Hidden Figures showed cycle-dependent performance shifts (Wilcoxon, T = 13, n = 8, p > .05). Means and standard deviations for both cycle phases are shown in Table 1 . We computed correlations and stepwise multiple regression analyses with the data of all 12 participants to detect possible influences of a hormone or a hormone composition on performance in all three spatial ability tasks. Correlations were computed for both test sessions separately (each session included data of Cycle Day 2 and Cycle Day 22) to analyze independent hormone-performance relationships only and to detect stability of potentially significant results.
In view of the significant differences between menses and the midluteal phase of the MRT, we expected a hormonal modulation of task performance. Stepwise multiple regressions for Session 1 data yielded a significant model, F(1,11) = 7.59, p = .02, if concentrations of only testosterone, β = .66, T(12) = 2.75, p = .02, were included and concentrations of estradiol, progesterone, and both gonadotropins were excluded. The correlation coefficient R was .66, explaining 43% of the variance. Stepwise multiple regression of Session 2 data revealed a slightly different result. The best fitting and significant model was obtained, F(1, 11) = 13.49, p = .002, if both estradiol, β = -.92, T(12) = -5.08, p = .001 and testosterone levels, β = .54, T(12) = 2.99, p = .015, were entered into the regression. The correlation coefficient for the second session was R = .87, explaining 75% of variance.
In accordance with , we computed partial correlations of MRT performance and each hormone. Because the levels of hormones are theoretically related to each other, it was important to see the unique contribution to the variance of each hormone when the linear relationship with the other hormones had been statistically removed from the dependent cognitive scores and the independent hormone measurements. For MRT performance a negative relationship with estradiol and a positive correlation with testosterone concentration were expected. One-tailed statistics were computed because of our directed hypotheses for both steroids. Indeed the relationship between estradiol and MRT performance was large and negative in both sessions, though only one is reliable with this small sample size. Estradiol was significantly correlated with MRT performance in Session 2 (R = -.70, p = .026), whereas the negative correlation in Session 1 was not significant (R = -.48, p > .05). The expected positive relationship with testosterone was significant for both sessions (Session 1: R = +.67, p = .035; Session 2: R = +.71, p = .024). No other significant hormone-MRT performance relationships were observed. Although the MRT results were significantly correlated with performance in the 2-D mental rotation test (Mirror Pictures) in Session 1 (R = .72, p < .01), stepwise multiple regression yielded no significant model for the latter task. Additionally, no other correlation statistics showed significance.
In contrast, a stepwise multiple regression procedure for performance with Hidden Figures gave a significant 
Discussion
The most important result of the present study is the significant difference in spatial ability as tested by the MRT between menstrual and midluteal phases in a design with a nearly perfect validation of the menstrual cycle. Although the sample size was small, this effect was very clear. The performance of all but one woman during the midluteal phase was decreased compared with that during the menstrual phase. This result is in agreement with most studies investigating the relationship between the menstrual cycle and spatial abilities (Hampson, 1990a (Hampson, , 1990b Hampson & Kimura, 1988; Phillips & Silverman, 1997) . In accordance with Phillips and Silverman (1997) and Silverman and Phillips (1993) , the result appeared in the 3-D spatial test (MRT) only, an effect which could also in principle be related to a higher task difficulty (Collins & Kimura, 1997) . In accordance with other studies (Hampson, 1990a; Phillips & Silverman, 1997; Silverman & Phillips, 1993) , estradiol had a strong influence on this result, at least in Session 2. However, estradiol does not seem to be the only steroid that has an impact on spatial cognition. Testosterone alone and testosterone combined with the negative influence of estradiol had strong and positive influences on MRT performance. Hassler, Gupta, and Wollmann (1992) found a negative correlation between the testosterone-estradiol ratio and spatial performance in men and women, with both steroids separately not being significantly related to any of the cognitive tests used. In our study, both steroids influenced performance independently and in an inverted manner, with high estradiol concentrations leading to a decrease and high testosterone to an increase in spatial MRT scores. This accords with the known activating effect of androgens on spatial ability as shown in a group of female-to-male transsexuals (Slabbekoorn et al., 1999 , Van Goozen et al., 1994 Van Goozen, Cohen-Kettenis, Gooren, Frijda, & Van de Poll, 1995) and underlines the importance of determining the unique contribution of each hormone. Moreover, Janowsky, Oviatt, and Orwoll (1994) found that exogenous testosterone administration enhanced spatial cognition in elderly men. They supposed the change of performance to be mediated by testosterone´s inhibitory effect on estrogen, because lower estradiol levels were related to better performances in the testosterone-treated group. Unfortunately, the authors could not determine a possible interaction of testosterone and estradiol on performance. According to our results in women, both steroids seem to have a cumulative effect on spatial performance in the MRT.
Progesterone and gonadotropins were not associated with spatial performance. The only exception was a single negative correlation between LH and the Hidden Figures in Session 2. This resembles the data pattern of Ho, Gilger, and Brink (1986) , who found a faster response rate and less stringent decision criteria in spatial tasks during ovulation, a phase defined by the LH peak. Although Hidden Figures is considered to be a measure of spatial ability (Watson & Kimura, 1991) , it most likely measures aspects different from those captured by MRT and Mirror Pictures. This is supported by the absence of significant correlations between scores obtained with Hidden Figures and the other two mental rotation tasks, whereas MRT and Mirror Pictures are significantly related.
A prerequisite of the present study was the determination of hormone concentrations to validate cycle phases and to reveal relationships between hormones and spatial cognition. Indeed, one third of the participants had to be excluded because of post hoc hormone assays, a value which is in the range of other studies (46%: 27%: Hausmann & Güntürkün, 2000; 25%: Metcalf & MacKenzie, 1980; 23%: Mead & Hampson, 1996) .
We conclude that spatial performance is sensitive to hormonal fluctuations over the menstrual cycle and that different aspects of spatial abilities are related to different hormones or hormone combinations, resulting in taskspecific results. Task difficulty and/or 3-D processes seem to be aspects that are able to modify these results to some extent.
